Background: To investigate the trends in the incidence and associated factors of late-onset sepsis (LOS) associated with improved survival in extremely preterm infants.
Background
The risk of late onset sepsis (LOS) increases with decreasing birth weight and gestational age, likely due to the more immature immune function in these infants, the increased use of invasive devices including endotracheal intubation and vascular catheterization, and prolonged hospital stay [1] [2] [3] . Therefore, the actual number of infants at a high risk for developing LOS might be increasing with the current improved survival of extremely low birth weight infants (ELBWI) [4] [5] [6] [7] [8] . Although with recent improvements in neonatal intensive care medicine, reports from come multicenter consortia indicate some morbidities, including late onset infection, have been reduced in frequency, they still persist, and continue to be a significant cause of morbidities and mortality [9] [10] [11] [12] [13] .
The variable incidence of LOS found among neonatal intensive care units (NICUs) [14, 15] suggests that besides the immaturity of these infants, environmental factors in the NICU, such as clinical practice style and management decisions, might also contribute to the risk of LOS [6, 14] . Previously, we observed that the implementation of certain clinical strategies, including the restrictive use of antibiotics; less use of invasive procedures, such as umbilical vessel catheterization and endotracheal intubation; and the establishment and strict application of guidelines for hand washing, gloving, infant handling, and central intravascular line management, was quite effective in reducing the incidence of LOS in ELBWI [16] . Taken together, these findings suggest that the development of new and effective therapeutic strategies could reduce the incidence of LOS and improve the clinical outcomes of ELBWI [15, [17] [18] [19] [20] .
Recently, we noted markedly improved survival rates with improvements in perinatal and neonatal intensive care in extremely preterm (EPT) infants near the limit of viability at 23-26 weeks' gestation [12, 13] . Therefore, in the present retrospective observational study, we investigated whether improved survival in EPT infants at 23-26 weeks' gestation was associated with an altered incidence of LOS and, if applicable, the clinical factors related to this alteration.
Methods
The medical records of infants born at 23-26 weeks' gestation and who were admitted into the Samsung Medical Center NICU from January 1, 2000 to December 31, 2005 (period I, n = 124) and January 1, 2006 to December 31, 2011 (period II, n = 240) were retrospectively reviewed. All of the infants had at least more than one blood culture. The study periods were divided according to the improved survival rate of these EPT infants, and the infants were stratified into 23-24 and 25-26 weeks' gestation subgroups within each period.
Maternal and neonatal characteristics, including mortality and various major morbidities, as well as the incidence of LOS during admission, were assessed in the 23-24 and 25-26 weeks' gestation subgroups during the study periods. Gestational age was determined through best obstetric estimates and the modified Ballard test. Survival rate was assessed until discharge from the NICU. An episode of LOS was defined as positive blood cultures in symptomatic patients after 72 h of life with concurrent use of antibiotics for more than 5 days, or those treated for a shorter period if the patient died. If the same organism was cultured after 15 days of appropriate antibiotic therapy, or if a different organism was cultured from a subsequent culture after appropriate antibiotic therapy, this was considered an additional episode. The exposure to associated factors was determined from the date of admission into the NICU to the date of discharge or death. The durations of intubation, nasal continuous positive airway pressure (CPAP), percutaneous central venous catheter, and postnatal steroid use before and after positive culture were calculated.
Prolonged rupture of membrane (PROM) was defined as rupture of membranes more than 24 h prior to delivery. Pregnancy-induced hypertension, maternal steroid use, and histologic chorioamnionitis were classified based on maternal hospital records. Outcome measures, including respiratory distress syndrome (RDS), patent ductus arteriosus (PDA), necrotizing enterocolitis (NEC), bronchopulmonary dysplasia (BPD), intraventricular hemorrhage (IVH), and retinopathy of prematurity (ROP), were analyzed. RDS was defined as clinical features of respiratory distress requiring surfactant and ventilator treatment within the first 24 h of life. PDA screening was routinely performed using echocardiography in all infants after 7 days of life. NEC was classified according to the system of Bell et al. [21] . BPD was defined as an oxygen requirement at 36 weeks' postmenstrual age [22] . IVH was diagnosed using brain ultrasonography and graded according to Papile's classification system [23] . ROP was categorized according to the international classification of ROP and based on the most advanced ROP stage observed [24] . Appropriate for gestational age (AGA) was defined as birth weight between the 90th and 10th percentile.
Statistical analysis
All analyses were based on the first episode of LOS. Associations between LOS and maternal and neonatal variables, hospital course, and mortality were explored. Continuous variables are expressed as mean ± standard deviation, while categorical variables are expressed as number and percentage. Comparisons between continuous variables were performed using the Mann-Whitney U test or Student's t-test, while comparisons between categorical variables were performed using the chi-squared test or Fisher's exact test. Logistic regression analysis was performed to control for all variables and to determine the significant independent factors associated with LOS. Adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for each possible associated factor. Binary logistic regression was used for unadjusted and adjusted analyses, in which missing values were removed. SPSS version 17 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses, and p-values of < 0.05 were considered statistically significant.
Results
Trends in the survival rate and incidence of late-onset sepsis according to period The overall LOS rate/1000 hospital days of 4.0 during period I significantly reduced to 1.8 during period II (p = 0.002). In the subgroup analyses, the LOS rate/ 1000 hospital days of 5.1 and 3.5 in infants at 23-24 and 25-26 weeks' gestation, respectively, during period I significantly reduced to 2.6 and 1.0, respectively, during period II (p = 0.017 and p = 0.011, respectively).
Trends in pathogen distribution according to period Table 2 shows the pathogen distribution among infants with LOS in each subgroup and period. With the reduction of the overall incidence of LOS, the proportionate incidence of Candida albicans infection significantly decreased in period II compared to that in period I (p < 0.001), particularly in infants at 23-24 weeks' gestation (p = 0.002). The overall proportionate distribution of other pathogenic gram-positive or gram-negative organisms was not significantly different between the two periods.
Trends in clinical characteristics and associated factors of late-onset sepsis according to period Table 3 shows the clinical characteristics and associated factors of LOS among infants in each subgroup and period. During period II, the overall gestational age and birth weight in infants at 23-26 weeks' gestation with LOS were significantly lower compared with those of the control group (p = 0.003 and p = 0.008, respectively). The overall five-minute Apgar scores in infants at 23-26 weeks' gestation with LOS were significantly lower compared with those of infants in the control group (p = 0.002). However, the Apgar scores of both infants with LOS and those in the control group were significantly higher during period II than during period I. The overall durations of intubation, postnatal steroid use, and antibiotics in infants at 23-26 weeks' gestation with LOS were significantly longer compared with those of the control group, especially in infants at 25-26 weeks' gestation during period II compared to period I.
Trends in mortality and morbidities of late-onset sepsis according to period Table 4 shows the mortality and morbidities of LOS among infants in each subgroup and period. The overall mortality rate in infants at 23-26 weeks' gestation with LOS was significantly higher compared with that of the control group (p = 0.002). In the subgroup analysis, the mortality rate of LOS in infants at 23-24 weeks' gestation was significantly higher than that of infants in the control group during period II (p < 0.001), but not during period I. However, the mortality rate of infants at 23-24 weeks' gestation in the control group significantly improved during period II compared to during period I (p = 0.003). Additionally, the overall incidences of morbidities, such as PDA, NEC, and ROP, in infants at 23-26 weeks' gestation with LOS were significantly higher compared with those in infants in the control group during period II, but not during period I.
Associated factors for late-onset sepsis
The univariate and multivariate analyses of possible associated factors for LOS are shown in Tables 5 and 6 , respectively. While study period; gestational age; birth weight; Apgar score at 5 min; durations of hospitalization, intubation, postnatal steroid use, and antibiotics use; mortality, and incidence of NEC and ROP were significantly 
Discussion
In the present study, the survival rate of EPT infants born at 23-26 weeks' gestation significantly improved during period II compared to during period I, especially in infants born at 23-24 weeks' gestation. This improved survival of EPT infants was simultaneously associated with significantly reduced incidence of LOS during period II compared to period I, especially in infants born at 25-26 weeks' gestation. In concordance with our data, Stoll et al. [25] reported a marked improvement in survival rates during the last decade among infants born between 23 and 24 weeks' gestation, as well as significantly reduced incidence of LOS and increased intact survival without major morbidities, especially in infants born between 25 and 28 weeks' gestation. Furthermore, although the plateau in the survival rate of infants born at 25-26 weeks' gestation has already been reached, improved survival in infants born at 23-24 weeks' gestation was associated with significantly reduced incidence of BPD in infants born at 25-26 weeks' gestation [13, 14] . Taken together, these findings suggest that better perinatal and neonatal care practices, which contributed to improved survival of the most immature infants born at 23-24 weeks' gestation during period II, simultaneously paralleled with the contributions to intact survival without major morbidities in the more mature EPT infants born at 25-26 weeks' gestation. The Neonatal Research Network report on improved survival and neurodevelopmental outcome of periviable infants also reported a reduction in LOS, but did not test for the degree of associations between changes in LOS and changes in mortality and improved outcomes [26] . Previously, we observed that improved survival in infants born at 23-24 weeks' gestation was mainly attributable to significantly reduced proportionate mortality due to sepsis [13] . In the present study, significantly higher mortality was observed in the infants born at 23-24 weeks' gestation with LOS compared to the control group. However, in the present study, mortality and Apgar score at 5 min, and the clinical factors associated with improved survival that were identified in our previous studies [12, 13] also significantly improved in the control group of these infants during period II compared to during period I, and the association between mortality and LOS shown in the unadjusted univariate analysis in these infants. In addition, routine use of antenatal corticosteroids, which is known to be associated with lower rates of mortality before 25 weeks' gestation, increased (67 and 84% received antenatal steroids during periods I and II, respectively) [27] . Overall, these findings suggest that improved perinatal and neonatal care rather than reduced incidence of LOS are One-min Apgar score 2.9 ± 1.7 3.6 ± 1.6 5.0 ± 1.8 * 5.1 ± 1.5 * 3.6 ± 2.0 4.7 ± 1.7
Five-min Apgar score 5.7 ± 1.5 6.8 ± 1.4 # 7.0 ± 1.9 * 7.4 ± 1. It is important to identify the clinical practices primarily responsible for the reduction in LOS in EPT infants. Previously, we observed that the implementation of clinical strategies consisting of the restrictive use of antibiotics; umbilical vessel catheterization and prolonged endotracheal intubation; and the establishment of guidelines for hand washing, gloving, infant handling, and care of central intravascular lines, significantly reduced the rate of LOS in ELBWI [16] . An additional table file shows these clinical practices in more detail (see Additional file 1). In the present study, among the associated factors for LOS, period II; Apgar score at 5 min; and durations of hospitalization, intubation, postnatal steroid use, and antibiotics use were identified as significant using an unadjusted univariate analysis. Only period II and the duration of intubation showed significant association with LOS, especially in infants born at Data are presented as mean ± standard deviation or number (percentage) LOS late-onset sepsis, AGA appropriate for gestational age, CA chorioamnionitis, N-CPAP nasal continuous positive pressure, PCVC percutaneous central venous catheter # p < 0.05 compared to LOS; * p < 0.05 compared to period I Table 4 Mortality and morbidities of late-onset sepsis in each subgroup and period 25-26 weeks' gestation, in the multivariate logistic regression analysis. These findings suggest that although it might be difficult to specifically identify which of the clinical practices in this intervention strategy actually played an important role, better perinatal and neonatal care practices, including these strategies as a whole, were quite effective in reducing the incidence of LOS, especially in infants born at 25-26 weeks' gestation during period II. Endotracheal intubation and prolonged mechanical ventilation are known to significantly increase the risk of LOS due to the breakdown of the physiologic barrier and the colonization of humidified air with hydrophilic bacteria to physical trauma while passing an endotracheal tube and to transient bacteremia during endotracheal suction [28] [29] [30] [31] . Therefore, our data on the significant association of LOS with the duration of intubation in the multivariate logistic regression analysis suggests that aggressive early weaning from more invasive intubation and mechanical ventilation to less-invasive assisted ventilation, such as nasal CPAP, is important for reducing the incidence of LOS in EPT infants [16] . Moreover, the duration of intubation and nasal CPAP was significantly associated with the incidence of BPD in EPT infants [12] . In the present study, NEC, especially in infants born at 23-24 weeks' gestation, was significantly associated with LOS in the multivariate logistic regression analysis. Overall, these findings suggest that the clinical implementation of the less-invasive ventilation strategy is effective for reducing not only LOS, but also other major morbidities associated with extreme prematurity, such as BPD.
Lower gestational age, intravascular catheter use, and prolonged antibiotic therapy are well-known risk factors for Candida sepsis [32, 33] . Therefore, our data of reduced proportionate rate of Candida albicans sepsis during period II as compared to during period I is difficult to explain, especially in the most immature infants born at 23-24 weeks' gestation despite significantly prolonged use of central intravascular catheters. At our institution, we did not use fluconazole prophylaxis, but strictly restricted empirical use of broad spectrum antibiotics, including carbapenems, third generation cephalosporins, and vancomycin, only by approval from the pediatric infectious disease division [34] . Period II was the only clinical factor significantly associated with fungal sepsis (OR, 0.165; 95% CI, 0.052-0.521; p = 0.002) in The present study had limitations, including its retrospective and uncontrolled observational study design. Although "study period" was included as an independent factor in the multivariate analysis of associated factors for LOS, there is a possibility that any unknown confounders might not have been controlled for in this retrospective study. Second, we defined that the exposure to associated factors was determined from the date of admission to the date of discharge or death. In this study, it was not apparent whether the associated factors were the cause or result of LOS. The third limitation was that as our data were obtained from a single institution, any positive findings obtained in this study might not be generalizable to another NICU. However, we used a relatively large sample size of 364 EPT infants born between 23 and 26 weeks' gestation at the same institution with similar baseline clinical characteristics.
Moreover, although the consistency of clinical management was not measured, our data showing more antenatal steroid use and significantly higher one-and five-minute Apgar score during period II in infants of 23-24 weeks' gestational age suggest that better obstetric perinatal and delivery room managements were provided during period II compared to period I. Thus, these findings imply that this single center study was well-placed in identifying the clinical strategies associated with improved survival and LOS rate, and might also redeem the limitations.
Conclusions
In summary, better perinatal and neonatal intensive care was likely responsible for improved survival, especially in infants born at 23-24 weeks' gestation during period II, which was simultaneously paralleled with a reduction in the incidence of LOS, especially in infants born at 25-26 weeks' gestation. Besides the implementation of clinical strategies for infection control, early extubation and aggressive weaning to less-invasive ventilation techniques, such as nasal CPAP, might be important for these improvements. Our data are in agreement with other studies that show that the development of perinatal and neonatal care improves survival of immature infants and simultaneously reduces morbidities of more mature preterm infants [35, 36] . Collectively, better perinatal and neonatal intensive care could simultaneously lead to improved survival and reduced incidence of LOS in EPT infants.
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